Wright State University

CORE Scholar
Browse all Theses and Dissertations

Theses and Dissertations

2014

Chemical Analysis of Exhaled Breath by Means of Terahertz
Rotational Spectroscopy
Tianle Guo
Wright State University

Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all
Part of the Physics Commons

Repository Citation
Guo, Tianle, "Chemical Analysis of Exhaled Breath by Means of Terahertz Rotational Spectroscopy"
(2014). Browse all Theses and Dissertations. 1377.
https://corescholar.libraries.wright.edu/etd_all/1377

This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE
Scholar. For more information, please contact library-corescholar@wright.edu.

Chemical Analysis of Exhaled Breath by Means of
Terahertz Rotational Spectroscopy

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science

By

Tianle Guo
B.S. in Physics, Fudan University, 2012

_____________________________________

2014
WRIGHT STATE UNIVERSITY

Wright State University
Graduate School

August 7, 2014
I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY
SUPERVISION BY Tianle Guo ENTITLED Chemical Analysis of Exhaled Breath by
Means of Terahertz Rotational Spectroscopy BE ACCEPTED IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF Master of
Science.

________________________
Ivan R. Mevedev, Ph. D.
Thesis Director

________________________
Doug Petkie Ph. D.
Chair, Department of Physics

Committee on Final Examination

___________________________
Ivan Medvedev Ph.D.

___________________________
Brent D. Foy Ph.D.

___________________________
Jason Deibel Ph.D.

____________________________
Robert E. W. Fyffe Ph.D.
Vice President for Research and
Dean of the Graduate School

ABSTRACT

Tianle, Guo. M.S. Department of Physics, Wright State University, 2014. Chemical
Analysis of Exhaled Breath by Means of Terahertz Rotational Spectroscopy

Terahertz spectroscopy, due to the high sensitivity and specificity that it affords, has been
incorporated in many fields to aid in the chemical analysis of gases. One potential application is
to detect bio-markers in human breath for early diagnosis. Our current aim of our research is to
establish a relationship between several chemicals and the glucose levels from human exhaled
breath. 20 chemical including Acetone, Carbon monoxide (CO), Methanol were studied.
Volunteers’ breath samples were processed through a pre-concentration system before being
injected into the spectrometer. Initially, a commercial preconcentration system, Entech 7100A,
was used. However, due to the limitations of Entech 7100A, a custom built pre-concentration
system that incorporates a sorbent pack from Markes International Ltd. has been developed. The
new preconcentration system and preliminary results on exhaled breath analysis are presented
here.
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Chapter 1
1.1 Introduction
With the advances in medical technologies, the non-invasive breath analyses for
diagnosing and monitoring diseases are becoming feasible. Over 3000 trace gases are reported to
be presented in human breath. In our research, the breath composition of healthy and diabetic
subjects is studied in an attempt to establish correlations with their blood glucose levels.
Currently, several techniques are used for breath analysis, such as mass spectrometry (MS) based
methods [1], infrared spectroscopic sensors [1], electrochemical sensors 1], and carbon nanotube
sensors [2]. The majority of the breath analysis research uses mass spectrometry (MS) combined
with gas chromatography (GC). [1, 3] GC-MS systems have limited specificity in the analysis of
complicated mixture of gases [4]. High specificity is one of the most important characteristics of
chemical sensors utilizing Terahertz rotational spectroscopy. Based on correlations established in
earlier studies, 20 chemicals were picked to be monitored in breath. In our experiments, the
concentration of those 20 chemicals along with the blood glucose levels were measured in two
Type-I diabetic patients and three healthy subjects. One diabetic patient and one healthy subject
were studied in the first experiment with no dietary controls. Preliminary results showed that the
blood glucose levels appeared to be negatively proportional to the concentration of breath
Acetone, Methanol, and Acetaldehyde at the blood glucose levels above 100 mg/dL for healthy
subject, and 140mg/dL for diabetic patient). The other Type-I diabetic patient, and 2 healthy
subjects were studied after an overnight fasting, to minimize metabolic interferences imposed by
food consumption. Preliminary results showed that the blood glucose levels are positively
proportional to the concentration of breath Acetone, Methanol, HCN and Acetaldehyde in the
breath of diabetic subject at blood glucose levels above 140mg/dL. The experiment setup is
presented in Chapter 2, and the preliminary results and discussion are presented in Chapter 3.
1

1.2 Terahertz/Sub-Millimeter spectral range
Terahertz (THz) spectral range is defined as radiation band with frequencies ranging from
100GHz (3mm) to 10 THz (0.03mm). The THz range is where the molecular rotational energy
transitions occur. The rotational transitions contain the information on chemicals’ symmetry and
structure, which is very important in the studies of the chemicals’ dynamics [5], the identification
of chemicals in space or the chemical detection in complex mixtures. [6, 7] In our research, it is
used for the detection of volatile organic compounds (VOCs) in human breath.
For a rigid heteronuclear molecule with a permanent electric dipole moment (such as
CO), the allowed transition frequencies can be calculated in MHz using the following formula:
(

)

Eq. 1

where B is the rotational constant measured in MHz, inversely proportional to a rotational
moment of inertia, and J is the total angular momentum quantum number.
The typical rotational spectrum of a diatomic molecule consists of a set of equally spaced
lines separated by 2B. The distribution of the state occupancies is described by Boltzmann
distribution. As a result, the density of states is dependent on both the temperature and the state
energy. Besides, the intensities of the rotational transitions are determined by the transition dipole
moment and the population differences between two levels. In order to obtain the best sensitivity
and specificity, a range should be picked which contains a large numbers of reasonably high
intensity lines for the chemicals to be detected in breath samples, such as Acetone, Methanol, and
Carbon monoxide. Based on the ongoing research [10], the 210 – 270 GHz is picked as our
spectral range for two reasons:
1.

The majority of relevant chemicals have strong lines in this region, which is
necessary for chemical detection and quantitative analysis.
2

2.

The atmosphere is transparent, which means no strong line for water, carbon
dioxide and oxygen.

1.3 Pressure Broadening
One traditional explanation of the pressure broadening effect is that in the emission
process, the emitting particle is perturbed by a collision with another particle; as a result the
uncertainty in the energy emitted will increase due to the shortening of the characteristic time of
collision. [8] Thus, the excessive sample pressure broadens the spectral lines, which may lead to
overlaps between close lines and the reduction of the number of resolution elements, which
lowers the specificity of the system. However, in the lower pressure regime, before the onset of
excessive pressure broadening, higher sample pressures correspond to higher line intensities. (In
the experiment, the 2nd derivative of the absorption intensity is measured, with the frequency
modulation, and the peak to peak value of 2nd derivative of the intensity is called “intensity” in
the later text.)
In our experiment, the pressure usually ranges from 10mTorr to 50mTorr, which leads to
a pressure broadening of the line shape to 100-500 kHz. And in pure samples, the intensities of
transition lines are positively correlated to the samples’ pressure. As is shown in the Fig 1, the
spectrum of Ethanol were recorded at three pressures, 1 mTorr, 5 mTorr, and 10 mTorr. The line
intensities scale respectively by 1, 4.5, and 6.16. After 5 mTorr, the increase of the intensity is
slower than the increase of pressure for Ethanol. As a self-broadening (where the lines are
broadened by collisions with only one chemical), there exists a maximum pressure after which
the intensity of the transition is not increased anymore and only the line width keeps increasing.
However, as is shown in Fig 1, the self-broadening has minor influence on the total line width in
our experiments. In atmospheric mixtures, the pressure broadening mechanism is a different,
because lines are mostly broadened by other chemicals. [9] The theoretical calculation for the
3

foreign broadening is difficult because multiple broadening agents may have different influence
on the broadening. Experimentally, the typical pressure broadening coefficients are about 10
MHz per Torr for line width. [8] In order to both maximize the transitions’ intensity and
minimize the pressure broadening, 50 mTorr is set to be the pressure limit for a general spectral
scan of breath.

Figure 1: Pressure broadening in the pure sample of Ethanol. Intensities are measured from the peak to the
bottom of the negative going lobes.

Besides pressure broadening, the majority of the line shape broadening is from the
Doppler Effect. Doppler broadening is caused by thermal motion of molecules. [11] Doppler
broadening is a function of temperature and molecular mass, but generally is ~1 MHz at room
temperature. In our experiments, the line width is usually slightly over 1 MHz, (1.03MHz for
black trace in Figure 1). So, in our experiments, the Doppler broadening usually sets the limits of
the spectral resolution. [10] In the Doppler regime spectral line intensity scales linearly with
pressure, thus, data shown in Figure 1 are somewhat affected by pressure broadening.

4

1.4 Comparison of THz rotational spectroscopy and other techniques.
Within the several different analytical methods applied to the breath analysis, GC-MS is
one of the most common techniques. [1, 3] The GC instruments are used to separate compounds
into their various components. And the MS instruments measure mass-to-charge ration from the
chemicals’ fragments. GC-MS systems are capable of the chemical detection at parts per billion
(ppb) or even at parts per trillion (ppt). However, in order to perform the trace level analysis, a
large amount of sample is necessary, which requires a large and complicated trapping and
desorption systems. [4] Due to the ambiguity in MS fragmentation and the similarity in retention
times in GC column, the whole trapping-desorption-GC-MS system needs to be calibrated for
every mixture on the detected list and false positives/negatives are still possible.
Laser spectroscopic sensors have good sensitivity for chemical detection in human
breath. [12, 13] However, a large proportion of these techniques operate in the Visible/Infrared
spectral regions (

Hz). As a result, the speciﬁcity of these sensors in mixtures is limited by

spectral congestion due to the increased Doppler broadening. Thus, these sensors prefer light
chemicals with a few widely spaced lines, which only contain a small range of chemicals.
Compared to other techniques, chemical sensors operating in THz spectral range have the
“absolute” specificity defined by the uniqueness of the spectral signatures. [10] As a result, the
probability of a false alarm is vanishingly small (less than

). Besides, the identification of

chemicals is based on the spectral patterns, intensities and frequencies, which are independent of
systems. Due to these characteristics the daily calibration of the whole system is not needed,
which is the case of GC-MS based systems. In addition, Terahertz sensors can detect a wide range
of chemicals. Because of the good performance and convenience of THz rotational spectroscopy,
it might be a better choice for the breath analysis in the future.

5

1.5 Prior work and target chemicals
There has been a significant amount of research conducted on breath analysis by utilizing
GC-MS [1, 3]. The correlation of VOCs and the lung cancers were studied by many groups in the
past decades, and some chemicals such as carbon monoxide [14, hydrogen cyanide (HCN) [14],
and methyl cyanide [14] are reported as potential bio-markers. A preliminary research has been
done on 50 patients with liver diseases by GC-MS, and breath acetone and dimethyl sulfide were
reported increased compared to the control group with 50 healthy subjects. [35] Currently, in our
research, the breath analysis of diabetics and the correlation of the blood glucose levels and biomarkers is studied using THz sensing. No prior experiments have been done in the breath analysis
on diabetics by THz spectroscopy. However, some preliminary results have been obtained by
other techniques. For example, overnight fasting levels of both breath acetone and blood-glucose
levels were measured in 251 diabetic patients with GC-MS. [15] Those 251 patients were
grouped by the type of diabetic management and the level of fasting blood-glucose. In the group
of patients with high simultaneous blood-glucose levels, the mean acetone concentration rose
linearly with the blood-glucose level. Another study on a group of type 1 diabetes mellitus
children showed that the exhaled methyl nitrate is strongly and specifically correlated with the
acute, spontaneous hyperglycemia. [16] Due to the fact that carbon monoxide (CO) is a product
of Heme oxygenase (HO) activity, the level of breath CO might be another potential marker of
diagnosing diabetes for non-smokers. A positive correlation between CO levels and the blood
glucose levels was found in a research on 8 patients with insulin-dependent diabetes mellitus
(type 1). [17] Besides, a group of scientists from Tokyo Gas Company, Ltd invented a method of
the early diagnosis of diabetes. The method is based on injecting an effective amount of pyruvic
acid labeled with 13C at a position 3 (3-13C-Pyruvic Acid), and then measuring the level of
exhaled

13

CO2, where a reduced level of exhaled labeled

13

CO2 compared to normal level is

correlated to an increased probability to have a diabetic condition. [18] Besides the direct
6

correlation found in the studies of exhaled breath, the concentration of some other products from
metabolism were also reported to be related to the blood glucose levels. Researchers used to
believe that the acute alcohol ingestion leads to a rise in blood glucose concentration. However,
in the latter study from Markes [19], a small dose of alcohol was found to be independent of the
blood glucose concentration, or sometimes brings down the blood glucose level. Acetaldehyde
was confirmed to be metabolized from Ethanol in our previous research. [21] The concentration
of formaldehyde in breath was found positively proportional to the total concentration of
methanol and ethanol. [24] Toluene was reported to have a higher concentration in the diabetic
patients as well. [22]
Based on these results, a list of chemicals to be detected in breath was created. Acetone,
Methyl Nitrate, Methanol, Isoprene, Acetaldehyde, Ethanol, Formaldehyde, Toluene and CO
were added into the list because of the potential correlation to the blood glucose levels in diabetic
patients. Methyl Cyanide, HCN, Water, and Chloromethane were found in breath in our ongoing
research. Several more chemicals which may have diagnostic relevance to glucose assessment
were added into the list such as, Butyric Acid [27], Butyraldehyde [28], Propionic Acid [29],
Dimethyl sulfide [26], and Dimethyl ether [30]. In total, 20 chemicals are in the sampling list.

Chapter 2
2.1 Terahertz Generating System
A radiation ranging from 210 to 270
GHz was generated by the solid-state sensor
system shown in Fig 2. A times 24 Virginia
Diodes (VDI) multiplier chain was used to
Figure 2 THz spectrometer

obtain the target frequency. The synthesizer
7

derives its frequency from an accurate 10 MHz Rubidium clock. As is shown in Fig 2, the 10
MHz signal proceeds into two branches: in the right branch, the signal goes into a microwave
synthesizer which cover frequencies from 0.5 GHz to 20 GHz; in the left branch, the signal goes
into a phase lock oscillator which phase locks 10 MHz reference with its 1 GHz output. The
microwave synthesizer is tuned from 8.75 GHz to 11.25 GHz in the right branch. The signal then
proceeds into a power splitter: one brach signal is sent to the VDI receiver, the other one is sent
into the mixer. In the left branch, a fast sweeping 0 – 400 MHz synthesizer provides scanning
around a 100 MHz center frequency, which is later sent into the mixer. After the mixer, a center
frequency with sidebands is obtained, and then an yttrium iron garnet (YIG) filter is applied to
select the desired sideband (lower side band) and suppress the many intermodulation products
after frequency multiplication. After the times 24 multiplication, the signal in 210- 270 GHz
range is sent into the absorption cell and collected by the receiver. In the receiver, the collected
signal is mixed with the signal from the right branch and then sent to the intermediate frequency
(IF) chain which is at 2.4 GHz. After the IF chain, the signal is demodulated with a lock-in
amplifier, and then recorded by a computer, which controls all settings for the custom
synthesizer. Due to convenience of determination of line peaks, the transitions are recorded in the
2nd derivative line shapes (2f). The 2f line shape is the derivative of the 1f line shape. The 1f line
is approximately the derivative of the DC spectra.

2.2 Experiment Setup
As is shown in Fig 3, besides the custom synthesizer, transmitter and receiver, there are two
more major components of our system: the preconcentration system and the absorption cells. Two
absorption cells are used in our experiments. The large cell has a 4 inches diameter and is two
meters long, with a total volume of 14 liters. The smaller cell has the diameter of 1 inch, which
lowered the total volume to 0.875 liters. Due to the requirement of the THz chemical sensing, the
pressure of target gas mixture (VOCs from breath) needs to be kept under 50 mTorr. The vacuum
8

is obtained by two diffusion pumps for each cell in conjunction with the common roughing pump.
In the large cell, a MKS Instruments 600 series pressure controller in conjunction with an MKS
120AA Baratron Gauge was used to maintain the pressure inside the cell. The 120AA Baratron
Gauge has a total range of 100 mTorr with an uncertainty of 0.12mTorr. In the small cell, the
pressure is measured by an MKS 626B pressure gauge which has a full range of 1 Torr with an
uncertainty of 0.1 mTorr.

Preconcentration
system

Absorption Cell
(0.875L)

Custom Built Microwave
Synthesizer

Absorption Cell
(14L)

Figure 3 Photo of Systems

Because of the threat of chemical contamination, the cells were coated with SilcoNert
2000, a surface treatment which prevents surface absorption. Besides, the cells are maintained at
a steady 60

to speed up the degassing process. However, because of a large number of runs

with pure samples at high pressure (10~20 mTorr) in the large cell, some of the chemical such as
Methyl Cyanide and Acetone are persistently degasing in all experiments.
As is shown in Fig 4 and 5, no methyl cyanide is detected in normal subject’s breath in
the large cell due to the high contamination from degassing. Besides, the contamination of
Acetone is approximately up to 50% of the total amount in the breath of normal healthy subject.
And since the pure sample library spectra were only collected in the large cell, the contamination
in the smaller cell is negligible.
9

The breath sample cannot be injected into our absorption cell directly because of the low
concentration of the target chemicals (usually lower than ppm) and the high concentration of
other air components (over 99%). It is necessary to remove the major components in the air to
minimize the pressure broadening before the spectral acquisition, such as oxygen, nitrogen,
carbon dioxide, and argon. Initially, a commercially available Entech 7100A preconcentrator was
used in our experiment. Later due to the limitation of Entech 7100A, (such as the large size,
requirement of liquid nitrogen, high purity nitrogen and helium, and etc.), a new preconcentration
system was built. In this system, a sorbent tube purchased from Markes International Ltd was
used to collect breath samples. The desorption of trapped chemicals inside the sorbent tubes was
performed in a custom built heating apparatus, with current dimensions of 6 x 6 x 4 inches.
Details about the pre-concentration system will be presented later.

Figure 4: Contamination of Large Cell with Methyl Cynaide
the notification Methyl Cynaide means the peaks left to the straight line belong to Methyl Cynaide

Figure 5: Contamination of Large Cell with Aceton
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2. 3 Breath Experiment procedure
The procedures that were followed in taking breath samples consisted of three major
steps.
The first step was to establish spectral libraries for target chemicals. It is started with a
collection of an overview (210 – 270GHz) spectrum for each target chemicals at 10 mTorr.
(Expect for HCN, which was done at 1 mTorr due to near 100% absorption). Then, 5 strongest
lines were picked as fingerprints for each chemical. (HCN, CO, and Water only have 3, 1, and 4
strong lines respectively in the region 210-270GHz). Selected lines were put into snippet list;
snippet is a 5 MHz wide region centered at the frequency of a selected line. Then pure samples of
each chemical at 1mTorr, 5 mTorr, and 10 mTorr were injected into the cell and the snippet
libraries were collected for all the chemicals.
The second step was to prepare the breath sample for analysis. There were 2 approaches
to the collection of breath samples. In one approach, the breath was placed into a Tedlar bag. In
another approach, the breath was exhaled into the sorbent tube with the help of Bio-VOC (a small
device used to collect exhaled breath). Before the breath was injected into the absorption
chamber, the majority of the air components must be removed by the preconcentration systems.
The preconcentration is done with two systems: the first one was Entech 7100A, the second one
was our custom preconcentration system. The preconcentrated breath samples were then injected
into the absorption cell and the corresponding snippet spectra was recorded.
In the last step the recorded spectrum was analyzed for the chemicals concentrations. All
spectra were normalized by the corresponding gains from amplifiers. To account for system
specific frequency dependent variations of the transmitted power, every spectrum was divided by
the corresponding empty cell DC coupled signal. The spectral lines were then compared to the
corresponding libraries recorded at different sample pressures, and the library with closest
11

pressure broadening was selected for dilution calculation. At this stage, the pressure broadening
of both spectra was assumed to be the same. Then the line intensities’ ratio of the library and the
breath scans was calculated.
The partial pressures of target chemicals in the absorption cell were calculated using

Eq. 2

Where P is the partial pressure inside the cell, and
closest pressure broadening.

,

is the pressure from the library with

is the normalized line intensity from the breath scan and the

library.
Assuming the idea gas law, the chemical dilution in the breath sample could be calculated
using

Eq. 3

where
small cell,

is the volume of our absorption cell, 14L for the large cell and 0.875 L for the
is the breath sample volume (500cc for the Entech 7100A, and 254cc for the

sorbent tube based approach),

is the temperature for the breath sample (293K), and

temperature for the absorption cell (333 K),

is the

is the atmospheric pressure 760,000 mTorr, and

is the preconcentration efficiency.

2.4 Library Creation
Among the twenty chemicals in our target list, several pure chemicals are stored in high
pressure gas canisters, such as Carbon monoxide. Those gaseous pure samples were be injected
into the large cell directly without any special treatment. The liquid samples were placed into
glass flasks and frozen with liquid nitrogen, in order to remove air in the head space of each flask.
The frozen chemicals were connected to the vacuum port and evacuated. After the air was
12

removed, chemicals were released into the absorption cell. With the pressure control in the large
cell set to 10 mTorr, an overview spectrum was then taken for each chemical from 210 to 270
GHz at 10 mTorr. As is shown in Fig 6, Methyl Cyanide has three major clusters of lines, the
separation between two adjacent clusters is roughly determined by the rotational constant B,
which was discussed in the introduction. All the spectral lines have been normalized by the DC
power and gains.
Five strongest lines were picked for each chemical as their fingerprints. However, as is
shown in Fig 8, other chemicals might have accidental overlaps with the selected lines. If two
lines are overlapped, the detected intensity and line width can change, which makes it hard to
calculate the concentration of the target chemical and lower the specificity of our system.
After all the lines were selected, the snippets libraries were created. A snippet is a 5 MHz
scan centered at the frequency of a single line in the spectrum. For the 20 chemicals, 84 snippets
were selected.
Because of the non-linearity in intensities caused by the pressure broadening, the snippets
library was set up at the pressures of 1, 5 and 10 mTorr. In Fig 9, a set of Methyl Cyanide snippet
library are shown as an example.

Fig 6: Overview spectrum for Methyl cyanide from 210 to 270 GHz

13

Fig 7: Overview spectrum for Methyl cyanide near 240 GHz

Fig 8: Overview spectrum for Methyl cyanide over-laid with other 19 chemicals spectra

Fig 9: Snippets library for Methyl Cyanide at 1 mTorr, 5 mTorr, 10 mTorr

14

2.5 Breath Collection Methods
In our experiments, breath samples were collected in two
ways. In the first method, the breath is exhaled through a plastic
disposable syringe into a Tedlar bag. During the collection, a valve
on the bag is only opened when the subject is ready to exhale, and is
closed immediately after the exhalation is finished. Then it is
injected into Entech 7100A. Generally, subjects needed to exhale
into the bag only 3 to 5 times, and the total amount of breath
collected was around 2 liters, of which 500cc was ingested by
Entech 7100A preconcentration system. According to the
specification of Tedlar bags, the stability for most of VOCs is 24 to

Figure 10: Syringe and
Tedlar bag breath
collection method

48 hours. [31] Besides, as was mentioned earlier, the breath
collected by Tedlar bags contains the breath from the entire exhalation process. However, most
VOCs which contain the information about the metabolism are in the breath from the alveolar
portion of the lung. Thus, for the Tedlar bag collection method a large portion of the breath
sample does not contain relevant VOCs, which lowers the chemicals’ concentration and the
sensitivity of our system.
The other way to collect breath is by means
of a Bio-VOC kit from Markes International Ltd. In
the collection, the subject exhales through a little
bottle. Only the last 127cc of breath remains inside
which is most likely from the alveolar part of the lung.
After the exhalation is finished, the sorbent tube is

Figure 11: Breath Collection by Bio-Voc
combined with Sorbents tube

attached to the end of the bottle, and the 127cc of breath is slowly pushed into the sorbent tube
with a plunger, where VOCs get trapped. According to the specification from Markes
15

International ltd [32], the chemicals inside the sorbents can last over 1 month with 90% recovery
rate in a clean storage environment.

2.6 Entech 7100A
Initially our lab relied on a commercial preconcentrator Entech 7100A. The Entech
7100A is a double module preconcentrator. The first module contains glass beads and the second
one contains Tenax TA, (a kind of porous polymers). Only gases can be injected into the
preconcentration system. The gaseous samples (such as breath) are pumped into Module 1 (glass
beads) at (-150 ) and then desorbed at (1 ). With the help of helium flow (10cc/min), the
sample is moved to Module 2 (Tenax TA) which traps most of the VOCs. At this step, most of
water and other major air components not trapped by the sorbent are pumped away from the
Module 2 head space through the absorption cell. After that, the valve connecting the absorption
cell to the vacuum pump is closed, and the Tenax TA trap is desorbed at 150

for 2 min. After

the desorption is finished, the injection valve is closed, and the scan is started. [33]
The Entech 7100A has a reasonable recovery rate for most of our target chemicals [34],
however, there are several limitations to this system for the breath analysis.
1. The system is expensive and large in size. The Entech 7100A system requires liquefied
cryogenic and compressed gases for its operation, which adds extra cost to its operation. Due to
large size of Entech 7100A, it would be hard to adopt this system in a clinical setting.
2. Because the system requires gas injection, Tedlar bags are used to collect and store the
breath samples. Due to the limitation on the stability of Tedlar bags, the analysis must be finished
within one day after the breath is collected.
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3. The sorbent Tenax TA is good at trapping large VOCs, which is shown in Table 1. So,
it is not suitable to be used for trapping small size chemicals, such as Carbon monoxide, which is
one of our targets.

2.7 Custom Build Preconcentrator
Because of the limitations of Entech 7100A, a new preconcentration system was
developed in order to ensure that all the target chemicals were delivered to the absorption cell,
and the breath samples are stored for longer periods of time. The concept behind the custom built
system was simple: the breath is directly exhaled directly into the sorbent tube, where all relevant
components of the breath are captured. These chemicals would remain trapped until, with the aid
of heating equipment, the temperature of the tube is elevated to the desorption temperature.
As is shown in Figure 12 and 13, a preconcentration system was developed for chemical
desorption. The right inject port is for compressed high purity helium, which is used to
recondition the sorbent tubes after use. The curved face ceramic radiant heater used for
desorption is controlled by an Omega CN7500 controller with a solid state relay.

Figure 12: Block Diagram of Custom built Preconcentration System
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Figure 13: Sketch of Custom thermal desorption system

In order to make the heat distributed
evenly across the sorbent tube, an aluminum
block is used. A 0.25 inches wide hole was
drilled in the middle of the block to
accommodate the sorbent tube and the block
was cut into two halves to make it easier to
insert the sorbent tube. As is shown in Fig 14,
Figure 14: The aluminum block containing the
sorbent tube during the desorption..

the halves of the aluminum block are tighten
by screws, and the sorbent tube is wrapped in

foil to prevent it from sliding inside the block. A radiant heater is used to heat the sorbent tube. It
is placed on top of an aluminum box. To make the
heating process more efficient, the box containing the
heater and the aluminum block is filled with fiberglass
insulation. Since the heating done from just one side,
there exists a temperature gradient across the block.
Two thermal couples are placed diagonally as is shown
Fig 15: Thermal Couples on the block

in Fig 15, to monitor the temperature distribution. The
temperature difference measured in the experiment is around 15 ℃ while heating and closer to
zero after reaching the equilibrium.
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After the chemicals trapped in the sorbents are desorbed, the sorbent tube needs to be
reconditioned for next use. In the reconditioning process, the tube is baked with the helium flow
at 220 ℃ for 15 minutes, and then at 340 ℃ for another 15 minutes. The helium flows at a rate of
approximately 100 cc/min. However, there are still chemicals remaining in the sorbent tubes after
recondition. For best accuracy, it is necessary to know the exact amount of remaining chemicals.
Thus, before the breath is collected by the conditioned sorbent tube, a desorption cycle is
performed to obtain a background spectrum of the sorbent tube; which is used as the baseline, for
the later breath analysis.
There is another technical consideration to the desorption mechanism. The compressed
high purity helium gas is stored at room temperature, if the conditioning is performed without
pre-heating of the helium, the temperature inside the sorbents may decrease by the helium flow,
and the desorption of chemicals might be quenched due to the low temperature, which can leads
to an inferior reconditioning. So, as is shown in Fig 13, the 1/16 inches tube for helium transfer
was coiled inside the heater during reconditioning.
After the desorption is complete, the sorbent tube is under vacuum. If the tube were to be
vented to the atmosphere, the air will be flushed into the sorbent tube due to the large difference
in pressure, which may cause some contamination. In order to prevent the contamination from air
flushing inside, the helium injection is used to bring the pressure inside to an atmospheric level.

2.8 Sorbent selection
It goes without saying how important the selection of sorbent is. The more volatile
chemicals generally require ‘stronger’ sorbents to be captures. Most of the target chemicals on
our list are small size VOCs and a suitable sorbent(s) need to be selected. There is a large number
of sorbents commercially available. Among these, there are several different types: Porous
polymers, graphitized carbon blacks, carbonized molecular sieves, zeolite molecular sieves.
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Most porous polymers are suitable for the analysis of labile and reactive compounds, and
can be operated under humid conditions. However, some porous polymers (like Chromosorb and
HayeSep) are not good for trace-level (low ppb to ppt) analysis due to the high artifact levels and
significant variation. [32]
Graphitized Carbon Blacks are mostly used for trace-level analysis and a wide range of
VOCs. They are hydrophobic and suitable for humid conditions. However, they are not 100%
inert, which is not recommended for highly reactive targets. Most of the Graphitized Carbon
Sorbents are not considered to be non-porous, but the strongest one (i.e. Carbograph 5TD) does
exhibit micro porosity, which makes it suitable to trap ultra-volatile compounds. [32] These
sorbents could act between the normal graphitized carbon blacks and the stronger carbonized
molecular sieves.
Carbonized molecular sieves are the strongest sorbents and are used to trap the most
volatile compounds. But they are not very hydrophobic and prefer dry environment. They should
be protected by a front bed of weaker sorbent, to avoid the contamination by higher-boiling
compounds. They also require complete removal of oxygen prior to desorption. [32]
The range and desorption temperatures of most common sorbents available on the
markets are shown in Table 1. In our experiments, the sorbent tubes are packed with: Tenax TA,
Carbograph 1TD, Carboxen 1003, with total mass around 290mg. The sorbent tubes are stored in
a clean environment at room temperature; the caps are removed right before the sampling and are
closed immediately after use. Most of our target chemicals are located in the range of 2-7 skeletal
carbon atoms, which means that a mixture of Carbograph 1TD (or 4TD, 5TD) with Carboxen
1003 is suitable. However, Tenax TA is also added to the sorbent tubes currently used in case
some unexpected large chemicals could be caught and might be detected in our experiment. I
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2.9 Desorption Temperature
According to the manual from Markes International ltd. [32], the desorption temperature
for our sorbent tubes is recommended to be in the range from 280
temperature exceeds 345

to 320

. If the desorption

, there is a chance that the sorbents will melt down and dissociate.

Table 1 Common Sorbents’ Strength and Working Conditions [32]
Chemical

Sorbent

s’ Boiling

Name

Temp.

PoraPak N

1

2

3

4

5

6

7

8

…

12

13

14

… 20

… 30

Desorption Temp. to 360 ,
Conditioning Temp. to 380
Desorption Temp. to 320 ,
Conditioning Temp. to 330
Desorption Temp. to 360 ,
Conditioning Temp. to 380

Carbograph
2TD
Tenax
TA/GR
Carbograph
1TD
PoraPak Q

C-Chain Size

50 to
200
50 to
200

Carbograph
4TD
HayeSep D
Carbograph
5TD
Carboxen
569
Carboxen
1003
Carbosieve
SIII
Molecular
sieve 5 A
Carboxen
1000

50 to
200
- 30 to
150
- 60 to
80

SulfiCarb
UniCarb

- 30 to
150

Oxygenated compounds, Desorption Temp to 190 , Conditioning Temp to 220
Volatile nitriles, Desorption Temp to 165 , Conditioning Temp to 170
Desorption Temp. to 360 , Conditioning Temp.
to 380
Desorption Temp. to 260 ,
Conditioning Temp. to 280
Desorption Temp. to 360 , Conditioning
Temp. to 380
Desorption Temp. to 360 ,
Conditioning Temp. to 380
Desorption Temp. to 360 ,
Conditioning Temp. to 380C
Desorption Temp. to 360 ,
Conditioning Temp. to 380
For N2O applications, Desorption Temp. 165 , Conditioning Temp. 300

- 30 to
150

to 350

For Ultra-volatile hydrocarbons,
Desorption Temp. to 360 , Conditioning Temp. to 380
Desorption Temp. to 360 ,
Conditioning Temp. to 380

A series of desorption experiments was conducted to determine the best desorption
temperature. A breath from a healthy male subject was trapped in a sorbent tube. The sorbent tube
was attached to the desorption/vacuum system at room temperature, and heated up and kept at
150

for 10 minutes. At this stage, the whole system was under vacuum. Then the valve

connecting the desorption system to the absorption cell was closed and the tube was heated up to
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for desorption. At that point the chemicals were released to the absorption cell for spectral
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acquisition, where sorbent was isolated and heated to the next set point of 200 . Both the scan
and the desorption took 10 min. Once the spectral acquisition scan was done and the gases
inside the absorption cell were evacuated. At that point the next portion of the gases
desorbed at 200

was injected into the cell; the sorbent tube was isolated and heated to

the next set point. The same procedure repeated for the following temperature set points
5

, 8

, 200 , 220 , 240 , 260 , 280 , 300 .

7 chemicals including water were detected in this desorption procedure. As is reflected in
Figures 16 to 18 concentrations of desorbed Methyl Cyanide, HCN, Carbon Monoxide, and
Formaldehyde exhibit quadratic dependence on the desorption temperatures. A possible chemical
dissociation can explain lower recovery rate of Formaldehyde at temperatures above 260

.

Desorption efficiency of Methyl Cyanide and HCN and CO appear to increase rapidly above
220 .
The concentrations of desorbed Acetaldehyde and Methanol were quite stable during the
increase of desorption temperature (Figures 19 and 20). Only a slightly increase was found in the
concentration of acetaldehyde.
From the results, it seems to have the highest desorption efficiency for most of the
chemicals after 3

and the majority of chemicals do not desorb till 4

. Besides, 345

is the recommended highest desorption temperature. In order to remove water as much as
possible, it is better to keep pumping on the sorbent tube while heating at a moderate
temperature of

, where some chemicals, such as formaldehyde, already exhibit

moderate desorption. The desorption procedure was accordingly established. First, the
sorbent tube is heated up to 220 . At that point, the sorbent tube is being evacuated to eliminate
major atmospheric constituents including water. After evacuation at 220 , the valve connecting
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to vacuum pump is closed, and the sorbent tube is heated to 330 , where it remain for 10 min for
desorption. After that, the injection valve is closed, and the spectral acquisition scan starts.

Figure 16: 2nd Polynomials fit of Methyl Cyanide Concentration to Temperature

Figure 17: 2nd Polynomials of CO Concentration to Temperature

Figure 18: 2nd Polynomials fit of HCN Concentration to Temperature
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Figure 19: Linear fit of Methanol Concentration to Temperature

Figure 20: Liner fit of Acetaldehyde Concentration to Temperature

Figure 21: 2nd Polynomials fit of Formaldehyde Concentration to Temperature
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2.10 Sensitivity Comparison
In order to improve the sensitivity of our system, the larger absorption cell (14L) was
replaced with a smaller one (0.875L). As was mentioned in sections 2.5 - 2.8, the breath
collection method with its corresponding preconcentration system had to be established. The
overall sensitivity was expected to improve by at least a factor of 10. To compare the sensitivities
of the two systems breath of healthy subject was analyzed with the two systems: 9 chemicals
were detected in the small cell with custom built preconcentration system (red traces in Figures
22 - 27), while only 7 chemicals were detected in the large cell with Entech 7100A (black traces
in Figures 22 - 27). Figures 22 – 27 show a series of direct comparisons of the breath spectra
recorded with the two systems. The normal concentrations as well as spectroscopic ally
determined detection limits of our two systems are listed in Table 2.

Figure 22: Methyl Cyanide comparison of two preconcentration systems

Figure 23: Chloromethane and Acetaldehyde comparison of two preconcentration systems
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Figure 24: Acetone comparison of two preconcentration systems

Figure 25: Ethanol and Methanol comparison of two preconcentration systems

Figure 26: HCN and Water comparison of two preconcentration systems
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Figure 27: CO and Formaldehyde comparison of two preconcentration systems

Figure 28: Sample Snippet Spectrum for a Healthy Subject

The sensitivity was calculated in the following methods:

Eq. 4

The concentration of each detectable chemical is calculated first with the Eq. 3. Then,
assuming the 2nd derivative of the intensity is positively proportional to the partial pressure, the
minimum amount of the target chemical can be determined by the detected amount of chemical
divided by the signal to noise ratio. In this sensitivity calculation, it is assumed that the chemical
could be detected with 1 signal to noise ratio. For the large cell, the sensitivity is calculated based
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on the pure sample library at 1 mTorr; while in the small cell, it is calculated based on the breath
scan from a normal healthy nonsmoker male.
Table 2: Sensitivity of two cells with different preconcentration equipment

Ref.

Sensitivity

Sensitivity

Chemicals

Normal Breath

1

Isoprene

50-1000ppb

[37]

1200ppb

-

2

Methyl Nitrate

10-30ppt

[16]

3ppb

-

3

Methyl Cyanide

5.6ppb(nonsmoker)

[42]

12ppb

60ppt

4

Chloromethane

-

33ppb

2.2ppb

5

Acetaldehyde

0-104pb

[37]

10ppb

1.6ppb

6

Acetone

177-3490ppb

[37]

68ppb

11ppb

7

HCN

4ppb

[41]

0.5ppb

14ppt

8

Water

9

Ethanol

0-1663ppb

[37]

24ppb

2.4ppb

10

Methanol

32-1684ppb

[37]

8.1ppb

3ppb

11

Ethyl Benzene

0.6ppb(smoker)

[43]

8ppm

-

12

CO

16ppb

160ppt

13

Formaldehyde

3.0ppb

[39]

14.7ppb

89ppt

14

Toluene

0-0.1ppb

[40]

450ppb

-

15

Butyric Acid

0.1ppb

[36]

2.3ppm

-

16

Butyraldehyde

-

130ppb

-

17

Propionic Acid

-

79ppb

-

18

Pyruvic Acid

-

110ppb

-

10ppb

-

8.3ppb

-

19 Dimethyl Sulfide
20

Dimethyl Ether

(Large cell) (Small Cell)

69.3ppb(smoker)

0.18ppb(nonsmoker)
6.1ppm(nonsmoker)

[38]

19.9 ppm(smoker)

13.8ppb
-

[35]

As is shown in the Figure 22, approximately 10 ppb methyl cyanide was detected in the
breath from a normal healthy subject in the small cell combined with the custom preconcentration
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system. However, as was mentioned before, it is not possible to detect the methyl cyanide in the
breath from a non-smoker in the large cell because of the large contamination from the degassing.
In Figure 23 acetaldehyde spectral lines are clearly visible in the spectrum taken in the
small cell. The sensitivity for Acetaldehyde was improved by a fact of ~15. The detection of
Chloromethane was not improved greatly by the new system. However, as will be discussed in
section 3.2, Chloromethane is most likely introduced to the human body through the water or
foods, and no direct relationship was found in its concentration with the glucose metabolism.
As is visible in Figure 24, no big improvement was made in detection of Acetone with
the new system. Besides, there is a large unidentified spectral line in the 3rd snippet from the left
for Acetone. From the search on the JPL spectral library (spec.jpl.nasa.gov), no matching line
was found close to that frequency (259.617197913 GHz). The strong spectral feature in the 2nd
snippet of Acetone is the line of Acetaldehyde.
Breath spectra of normal subject breath exhibit Methanol and Ethanol lines of moderate
strength. However, in later experiment (section 3.2) for a Type-I diabetic patient, strong lines
were detected for both Methanol and Ethanol after alcohol consumption.
As is shown in Fig 26, the concentration and the sensitivity for water are found quite
similar in two systems. For HCN, the sensitivity is 2 orders of magnitude higher in the new
system, This large improvement is most likely due to the higher efficiency of the new sorbents,
while Tenax TA used by Entech 7100A is only suitable to the heavier chemicals (Table 1). Figure
27 shows CO and Formaldehyde detection with a high signal to noise ratio in the small cell with
the new preconcentration system. Neither CO nor Formaldehyde was detected in the old system.
The details sensitivity comparisons are shown in Table 1 with the normal concentration
levels. In general, the sensitivity was improved by roughly a factor of 10 for the small cell with
29

the custom preconcentration system. For Isoprene, Methyl Nitrate and Pyruvic Acid our
sensitivity are very close to the normal concentration levels, and those chemicals might be
detected in the future experiments.

Chapter 3
3.1 Diabetes and Glucose Experiments
In first set of experiments, breath samples from two subjects were studied to establish the
relationship between the concentration of 20 selected chemicals in their breath and the blood
glucose levels. Subject 1 was a healthy female, non-smoker; Subject 2 was a type 1 diabetic
smoker, male. This experiment was done using the large absorption cell, using the Entech 7100A
preconcentration system. In the experiment 500cc of breath was collected into a Tedlar Bag. No
dietary controls were imposed on the subjects. The blood glucose levels were measured by an
OneTouch UltraMini blood glucose meter right after the breath sample was collected.
The spectroscopically determined concentrations are listed in the Tables 3 and 4 and are
presented in Figure 29-34. And the errors were calculated by the noise to signal ratio times the
concentration obtained by Eq. 3.

From the results in Table 3 and 4, the average concentrations of most detected chemicals
are higher in the diabetic patient. The following concentrations were recorded in Subject 1 breath:
Chloromethane (9.2ppb), Acetaldehyde (14.3ppb), Acetone (129ppb), HCN (2.7ppb), Methanol
(77.1ppb), and Ethanol (89.6ppb). While Subject 2 breath contained: Chloromethane (56.1ppb),
Acetaldehyde (726ppb), Acetone (394ppb), HCN (20.2ppb), Methanol (204ppb), and Methyl

30

Cyanide (860ppb). No Ethanol was detected in Subject 2 breath while the higher concentration of
Methyl Cyanide and HCN was most likely from the smoking habit.
Table 3 Concentrations of 6 Chemicals and Glucose Levels in Type 1 Diabetic Subject 2

Glucose
(mg/dL)

Chloromethane
(ppb)

Error
(ppb)

Acetaldehyde
(ppb)

Error
(ppb)

Methyl Cyanide
(ppb)

Error
(ppb)

132
142

77.5

0.8

49.5

4.7

318

3

165

0.8

217

2.2

845

13

144

16

0.6

33.5

4.9

1780

18

152

27

0.3

71.9

6.5

859

6

180

20.7

0.9

49.9

6.2

641

6

192

79.7

0.8

58.1

2.3

890

5

202

6.8

0.6

28.6

4.9

686

4

Glucose level
(mg/dL)

Acetone
(ppb)

Error
(ppb)

HCN
(ppb)

Error
(ppb)

Methanol
(ppb)

Error
(ppb)

132
142

271

10

16.0

0.08

68.6

0.7

650

33

33.6

0.05

466

2.3

144

480

24

14.1

0.02

220

2.2

152

646

58

28.5

0.04

315

3.2

180

246

14

16.2

0.08

156

2.3

192

371

22

22.3

0.06

152

1.5

202

95

5

11.0

0.02

52

1.6

Most of Chloromethane (Figure 29) is believed to be the contamination from the drinking
water. However, its much higher concentration in Subject 2 breath may indicate the relationship
between Chloromethane and the smoking habit. (Because in a fasting experiment of another
diabetic non-smoker in the next section, the concentration of Chloromethane is at the level of
healthy subjects)
No direct correlation was found for HCN and Methyl Cyanide and the blood glucose (In
Fig 30 and 31). The concentrations of these two chemicals are much higher in the Subject 2, most
likely due to his smoking habit.
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Table 4 Concentrations of 6 Chemicals and Glucose Levels in a Healthy Subject 1

Glucose
(mg/dL)

Chloromethane
(ppb)

Error
(ppb)

Acetaldehyde
(ppb)

Error
(ppb)

Acetone
(ppb)

Error
(ppb)

75

5.5

0.55

-

-

172

10

77

5.1

0.38

36.7

6.1

69.8

2.4

81

23.1

0.64

-

-

25.4

1.5

82

6.7

0.50

12.4

5.1

115

9.8

85

9.0

0.45

-

-

129

5.2

91

11.9

0.42

39

6.0

45.9

1.6

103

6.8

0.21

41.6

3.1

183

8.2

107

4.8

0.21

27.3

2.9

226

11

118

5.7

0.54

-

-

161

8.9

139

9.9

0.50

-

-

151

6.8

154

12.8

0.45

-

-

144

5.8

Glucose level
(mg/dL)

HCN
(ppb)

Error
(ppb)

Ethanol
(ppb)

Error
(ppb)

Methanol
(ppb)

Error
(ppb)

75

1.4

0.07

-

-

79.3

1.4

77

1.9

0.04

225

3

61.3

1.5

81

3.9

0.02

-

-

61.0

3.7

82

1.3

0.07

-

-

148.0

3.0

85

1.3

0.01

-

-

62.2

2.5

91

4.6

0.05

152

3

65.0

1.3

103

2.2

0.03

143

1

146.0

2.2

107

1.9

0.03

257

3

107.0

2.1

118

7.3

0.07

209

0

46.6

2.2

139

2.4

0.01

-

-

32.2

2.4

154

1.1

0.01

-

-

39.3

2.4

A limited linear relationship might exist between the blood glucose level and the
concentrations of Acetaldehyde, Acetone, and Methanol. Similar patterns appear in both subject 1
and subject 2 at glucose levels above 100mg/dL for healthy subject and 140mg/dL for the
diabetic. However, the reason why these patterns only appear at the high glucose levels is still
unknown.
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Figure 29: Chloromethane Concentrations VS Glucose Levels in both Subjects

Figure 30: HCN Concentrations VS Glucose Levels in both Subjects

Figure 31: Methyl Cyanide Concentrations VS Glucose Levels in Subject 2
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Figure 32: Linear fit for Acetaldehyde Concentrations VS Glucose Levels in both Subjects

Figure 33: Linear fit for Acetone Concentrations VS Glucose Levels in both Subjects

Figure 34: Linear fit for Methanol Concentrations VS Glucose Levels in both Subjects
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3.2 Overnight fasting experiments
In the experiment described in section 3.1, the breath composition of two subjects was
studied with no dietary control. However, based on findings by other research groups, we
hypothesis that the amount of chemicals in breath can be greatly affected by eating and drinking.
For example, if a subject were to eat a large amount of fruit before the breath sampling, the
concentration of Acetone in breath will increase by approximately 500 ppb [30]; and if the
subject consumed alcohol, the concentration of Ethanol in breath will increase by approximately
100ppm [30]. As a result, the overnight fasting experiments were designed to reduce the effects
from of food consumption on chemical expression. In the experiments described in this section,
three subjects were studied: Subject A is a healthy female, Subject B is a healthy male, and
Subject C is a Type-I Diabetic male, non-smoker. In this sequence of experiments the breath was
collected and sampled using the Sorbent Tube Preconcentration Method in the smaller absorption
cell. The experiment started with an overnight fasting for around 12 hours in Subject A and B; no
food was consumed by Subject A and B after 6 P.M in the first day. Then, on the second day at
8:30 A.M., the first breath sample and the blood glucose level were collected. Then a cup of
water with 100g sugar was consumed by both subjects at 9:00 A.M. Half an hour later, the breath
sample and the blood glucose levels were collected. 4 or 5 additional data points were collected
with ~ 1 hour interval between two data points. Subject A drank tap water with 100g of sugar
added, while Subject B drank purified water with 100g sugar added. For Subject C, after the
overnight fasting, 5 samples were collected with the blood glucose levels in the same day with an
interval of 2-3 hours. For Subject C breath samples and blood glucose levels were collected at
6:00 am after overnight fasting, and then with no breakfast, they were collected again at 8:45 am.
Later, Subject C drank a cup of coffee, and another set of breath sample and blood glucose level
was collected at 10:59 am. Subject C had lunch around 2 to 3 pm with no insulin control. Then
before dinner at 6:15 pm, the breath and blood glucose level were collected again. After dinner at
35

8:37 pm, another set of data was collected. Then, subject C consumed some alcohol, while the
final data set was collected at 11:45 pm.
The results are shown in the Table 5, 6, 7 and some potential correlations are presented in
the Fig 35 to Fig 42.
Table 5 Results of Chemical Concentrations and Glucose Levels in the breath of Subject A (Healthy female)
Blood Glucose

Methyl Cyanide

Error

Chloromethane

Error

Acetaldehyde

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

70

8.100

0.284

0.323

0.055

11.121

1.168

9:30

137

4.129

0.062

1.634

0.057

10.030

0.953

10:30

113

8.708

0.348

0.344

0.055

10.614

1.168

11:30

54

7.007

0.105

-

-

5.844

0.672

12:30

65

0.110

0.002

-

-

6.618

0.496

Blood Glucose

Acetone

Error

HCN

Error

Ethanol

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

70

1.831

0.302

6.977

0.007

3.874

0.775

9:30

137

3.578

0.000

0.833

0.002

8.202

1.927

10:30

113

8.195

2.868

1.865

0.007

5.378

1.076

11:30

54

0.000

0.000

0.696

0.002

4.398

1.012

12:30

65

13.298

2.992

4.579

0.014

4.817

0.843

Blood Glucose

Methanol

Error

CO

Error

Formaldehyde

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

70

6.450

0.355

42.087

0.337

54.593

1.365

9:30

137

29.332

2.493

72.596

0.327

190.998

1.910

10:30

113

3.638

0.111

135.626

1.356

301.019

3.010

11:30

54

2.286

0.117

141.807

0.142

15.887

0.032

12:30

65

2.831

0.106

107.928

0.216

6.242

0.031

Time

Time

Time

For Chloromethane in Subject A (Table 5) a large increase was noticed in the
concentration at 9:30, which is half an hour after the sugar water consumed; in Subject B (Table
6), Chloromethane is not detected at all; in Subject C (Table 7), the Chloromethane spiked twice,
first at 10:59 after drinking a cup of coffee, and at 20:37 after dinner. Based on the fact that
Chloromethane only appears after drinking or eating, and no Chloromethane was detected in
Subject B, The Chloromethane in breath is believed to come as contamination from drinks and
foods. Since Subjects 3 consumed alcohol (Table 7), the concentrations of Ethanol and
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Acetaldehyde increased after alcohol intake (11:45 pm). (438ppb for Ethanol, and 273ppb for
Acetaldehyde)
Table 6 Results of Chemical Concentrations and Glucose Levels in the breath of Subject B (Healthy male)
Blood Glucose

Methyl Cyanide

Error

Chloromethane

Error

Acetaldehyde

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

83

2.539

0.102

-

-

0.179

0.018

9:30

137

6.730

0.202

-

-

17.869

2.680

10:30

102

19.031

0.285

-

-

2.630

0.263

11:30

73

4.986

0.224

-

-

8.696

0.870

Blood Glucose

Acetone

Error

HCN

Error

Ethanol

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

83

0.179

0.045

-

-

0.466

0.093

9:30

137

17.869

4.467

2.054

0.010

0.140

0.028

10:30

102

10.799

2.700

2.615

0.013

2.005

0.301

Time

Time

11:30

73

8.875

3.106

9.928

0.010

2.593

0.389

Blood Glucose

Methanol

Error

CO

Error

Formaldehyde

Error

(mg/dL)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

(ppb)

8:30

83

0.032

0.003

42.219

0.211

9.390

0.094

9:30

137

0.269

0.027

63.613

0.318

61.726

0.617

10:30

102

0.033

0.003

58.289

0.291

59.863

0.299

11:30

73

0.751

0.075

49.504

0.743

78.542

0.275

Time

Figure 35: Methyl Cyanide VS Blood Glucose Levels for all Subjects
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For Methyl Cyanide (Fig 35), no obvious pattern was found. However, there might be a
negative proportional relationship between the blood glucose levels and the concentration of
Methyl Cyanide in all healthy subjects at high blood glucose levels greater than 100mg/dL.
Table 7 Results of Chemical Concentrations and Glucose Levels in the breath of Subject C (Type 1 Diabetic)
Time

Blood Glucose
(mg/dL)

Methyl Cyanide
(ppb)

Error
(ppb)

Chloromethane
(ppb)

Error
(ppb)

Acetaldehyde
(ppb)

Error
(ppb)

6:00

221

4.564

0.251

-

-

5.754

0.662

8:40

202

9.078

0.227

-

-

5.395

0.836

10:59

163

1.958

0.059

0.862

0.056

2.735

0.328

18:15

153

1.620

0.049

-

-

2.783

0.278

20:37

126

13.316

0.599

3.703

0.111

30.312

2.577

23:45

143

2.540

0.076

0.913

0.114

272.633

31.353

Time

Blood Glucose
(mg/dL)

Acetone
(ppb)

Error
(ppb)

HCN
(ppb)

Error
(ppb)

Ethanol
(ppb)

Error
(ppb)

6:00

221

10.264

2.053

2.774

0.014

-

-

8:40

202

5.573

1.115

1.130

0.006

-

-

10:59

163

3.901

1.365

0.883

0.004

-

-

18:15

153

0.000

0.000

0.663

0.003

3.880

0.582

20:37

126

0.000

0.000

6.445

0.032

10.226

1.534

23:45

143

0.000

0.000

0.169

0.001

437.936

43.794

Time

Blood Glucose
(mg/dL)

Methanol
(ppb)

Error
(ppb)

CO
(ppb)

Error
(ppb)

Formaldehyde
(ppb)

Error
(ppb)

6:00

221

11.576

0.301

77.512

0.388

67.449

0.202

8:40

202

5.644

0.271

240.014

1.200

61.403

0.092

10:59

163

4.150

0.174

190.822

0.954

75.545

0.264

18:15

153

3.383

0.149

105.336

0.527

37.984

0.057

20:37

126

20.917

3.765

233.002

2.330

70.758

0.142

23:45

143

13.048

0.522

162.477

0.812

70.646

0.071

As is shown in Fig 36, (with the 273ppb level induced by alcohol consumption removed),
a linear relationship might exist between the blood glucose levels and the concentration of
Acetaldehyde in Subject C (a Type-I diabetic patient) at blood glucose levels above >140mg/dL.
The same pattern was found in the healthy subjects as well at blood glucose levels above
100mg/dL. In the previous section, the pattern of Acetaldehyde at high blood glucose levels had
the negatively proportional relationship between blood glucose levels and the concentration of
Acetaldehyde, which is opposite to what is found in this experiment, thus, raising questions about
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the subject dependency of these effects. This may also indicate that the pattern found before
might have come from the foods contamination, or maybe some unexplained metabolism due to
the daily activities, such as exercising.

Figure 36: Acetaldehyde VS Blood Glucose Levels for all Subjects

As is shown if Fig 37, the concentration of Acetone follows similar pattern to
Acetaldehyde. There existed a potential positively proportional relationship between the blood
glucose levels and the concentration of Acetone in Subject C’s breath at the high blood glucose
levels. However, the concentration of Acetone in the healthy subjects is randomly distributed in
the range of blood glucose levels from 60 to 140 mg/dL. As mentioned in the section 1.5, the
concentration of Acetone in breath was found to be positively proportional to the blood glucose
levels in a group of diabetic patients with high blood glucose levels after overnight fasting. And
in our experiment, three data points were taken after overnight fasting, with another data point
taken 3 hours after lunch, which indicates the relationship for breath Acetone and blood glucose
levels might be characteristic for the diabetic patients, as long as there is no food induced
metabolic changes to the breath composition.
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As is shown in Fig 38, there is a positively proportional relationship between the blood
glucose levels and the concentration of HCN in the breath of Subject C, at high blood glucose
levels. The metabolism behind is still unknown.
In Fig 39 and 40, the distribution of Methanol and Ethanol is quite random. A positively
proportional relationship might exist between the blood glucose levels and the concentration of
Methanol in the breath of Subject C at high blood glucose levels.
In Fig 40, the average concentration of CO in the breath of Subject C is slightly over the
average concentration of CO in the healthy subjects. However, another issue is that part of the CO
detected in the breath might come from some chemical reaction happening inside the sorbents
tube at high temperature. We suspect a chemical reaction of the carbon containing sorbents with
water or oxygen, which could be tested in the later research, by delivering a controlled dilution of
selected chemicals in dry nitrogen.

Figure 37: Acetone VS Blood Glucose Levels for all Subjects
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Figure 38: HCN VS Blood Glucose Levels for all Subjects

Figure 39: Methanol VS Blood Glucose Levels for all Subjects

Figure 40: Ethanol VS Blood Glucose Levels for all Subjects

41

In Fig 41, the concentration of Formaldehyde is consistent in all three subjects, except for
two data points collected right after drinking sugar water in Subject A, and one data after dinner
in Subject C. Because the background concentration of Formaldehyde is 50 ppb in a normal room
[45], and possibly even higher in our lab, the detected Formaldehyde in our experiment was
probably from the environment. However, the increase of Formaldehyde concentration in Subject
A after drinking sugar water needs to be studied with more accuracy in future experiments.

Figure 41: CO VS Blood Glucose Levels for all Subjects

Figure 42: Formaldehyde VS Blood Glucose Levels for all Subjects
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3.3 Conclusion and Path Forward
In this thesis, a better preconcentration system has been developed to help improve the
current terahertz spectroscopic system, and the average sensitivity of the overall experiments was
improved by a factor of 10. With the help of the new preconcentration system, Carbon Monoxide
and Formaldehyde were successfully detected. Five subjects (two of them were diabetics) have
been studied for correlations between their blood glucose levels and the concentration of
chemicals in the breath. One experiment was performed with no dietary controls; the other was
performed after overnight fasting. The concentration of breath Acetone, Acetaldehyde, Methanol
was found proportional related to the blood glucose levels in both experiments at high blood
glucose levels. However, the slope for this correlation is opposite in the two experiments. The
food contamination could be a possible explanation to the opposite slopes, which will be
confirmed in future experiments. Besides, a potential correlation might exist between the
concentration of HCN in breath and the blood glucose levels, while the smoking habit may
increase the concentration of HCN by 2 to 3 magnitudes, and the relationship may disappear.
In the future research, several more chemicals need to be focused on, which have not
been detected and are related to the blood glucose levels of diabetic patients, such as Methyl
Nitrate, Isoprene, and the current sensitivity of our system is on the edge of detection for these
chemicals. Besides, the efficiency of the sorbent tubes could be further improved by a predehydration of the breath, which would allow us to sample more than 250cc breath. More
subjects should be studied, and they should be grouped with the age, the smoking habits, and the
drinking habits. The different type of diabetes should be separated in the future research, and all
data should be collected after overnight fasting to remove the food contamination. Besides, a
background air analysis should be performed, and remove the influence from environment.
(outdoor vs laboratory)
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